Following the Swift X-ray observations of the 2006 outburst of the recurrent nova RS Ophiuchi, we developed hydrodynamical models of mass ejection from which the forward shock velocities were used to estimate the ejecta mass and velocity. In order to further constrain our model parameters, here we present synthetic Xray spectra from our hydrodynamical calculations which we compare to the Swift data. An extensive set of simulations was carried out to find a model which best fits the spectra up to 100 days after outburst. We find a good fit at high energies but require additional absorption to match the low energy emission. We estimate the ejecta mass to be in the range (2 − 5) × 10 −7 M ⊙ and the ejection velocity to be greater than 6000 km s −1 (and probably closer to 10,000 km s −1 ). We also find that estimates of shock velocity derived from gas temperatures via standard model fits to the X-ray spectra are much lower than the true shock velocities.
1. INTRODUCTION RS Ophiuchi (RS Oph) is one of the most well-studied of the ten known recurrent novae (RNe; Anupama 2008) . The central system is a binary comprising a white dwarf (WD) and a red giant (RG) (Dobrzycka & Kenyon 1994) . A classical nova outburst involves mass transfer from the companion to the WD. The build-up of pressure and temperature in the degenerate layer of accreted hydrogen eventually leads to a thermonuclear runaway (TNR) on the surface of the WD, resulting in the high-speed ejection of a shell of material into the circumstellar medium (Starrfield 2008) . Novae which have been observed in outburst more than once are called RNe. The shock interaction of the ejecta with the surrounding medium has been found to heat the gas to temperatures of 10 7 − 10 8 K, yielding hard X-ray radiation (Lloyd et al. 1992; O'Brien, Lloyd & Bode 1994; Mukai & Ishida 2001) . In the case of RS Oph, the ejecta run into the surrounding dense RG wind. Soft X-ray emission is also expected to be revealed later in the outburst from a central WD close to Eddington luminosity (Krautter et al. 1996; Balman, Krautter & Oegelman 1998) as is seen in RS Oph (see below).
RS Oph has had outbursts recorded in 1898 , 1933 , 1958 , 1967 , 1985 (see Rosino 1987 Rosino & Iijima 1987) and most recently on 2006 February 12 (Narumi et al. 2006) , with possible additional outbursts in 1907 and 1945 (Schaefer 2004; Oppenheimer & Mattei 1993) . Its binary system has an orbital period of 455.72 ± 0.83 days . The mass of the WD is suspected to be close to the Chandrasekhar limit from various considerations, including the speed class of outburst and the relatively short recurrence time between outbursts (e.g. Yaron et al. 2005 , Sokoloski et al. 2006 , Hachisu et al. 2007 ). The distance to RS Oph is 1.6 kpc (Bode 1987 ; see also Barry et al. 2008) .
RS Oph was detected in X-rays just 2 days after the 2006 outburst with the RXTE satellite (Sokoloski et al. 2006 ) and 3.17 days after outburst using the XRT instrument on board the Swift satellite , hereafter Paper I). The Swift observations were performed on average every one or two days during the first 100 days, covering all the phases of the remnant's evolution. The rate of observations subsequently decreased but continued for more than a year (Page et al. 2008) . RS Oph was seen initially as a source of fairly hard X-rays, gradually softening with time. Around 26 days after outburst, the very bright and soft component from the Super-Soft Source (SSS) phase of nuclear burning on the surface of the WD appeared in the spectrum (Osborne et al. 2006; Hachisu et al. 2007; Page et al. 2008; Osborne et al. 2011) .
In an effort to improve on the models of the 1985 outburst and, in particular, to address the new observations of the early phases of its evolution, we developed new hydrodynamical models for RS Oph (Vaytet, O'Brien & Bode 2007 , hereafter Paper II). We used a one-dimensional Eulerian second order Godunov code (O'Brien et al. 1994) to simulate the outburst where mass-loss in the form of a fast wind from the WD ran into a surrounding slow RG wind. The scheme took into account all three phases of the remnant's evolution, and allowed us, after a thorough analysis of the shock velocities, to determine that the ejecta had a low mass (∼ 2 × 10 −7 M ⊙ ) and a high ejection velocity. The models also showed that radiative cooling had an important impact on the evolution of the shocks; the amount of energy radiated by the hot ejecta was correlated to the rate at which the forward shock velocity decreased in time.
In Paper II our analysis relied on single-temperature fits to the Swift X-ray spectra (from Paper I) in order to determine post-shock temperatures and hence the shock velocities. Here we improve on this approach by calculating full X-ray spectra directly from our hydrodynamical results using XSPEC 8 and by including the effects of overlying absorption and instrument response. Results from an extensive set of simulations are compared to the Swift observations for the first 100 days after outburst in order to obtain best-fitting values for the model parameters.
SWIFT XRT OBSERVATIONS
Some 70 observational epochs of RS Ophiuchi were obtained using the X-ray Telescope (XRT) onboard the Swift observatory during the first 100 days after the 2006 outburst. As in Paper I, the data were processed using the standard Swift software and source spectra were extracted from the cleaned Windowed Timing (WT) mode (t < 90 days) and Photon Counting (PC) mode (t > 90 days) event lists. Because of the high count rate of the X-ray source, most of the WT were piled-up. Thus, the core of the PSF was excluded: an outer box of width 60 × 20 pixels was used, with the central 10 pixels (1 pixel = 2 ′′ 36) removed. Similarly, the PC data were piled-up: here, an annulus with outer radius 30 pixels was used, with the inner exclusion radius decreasing from six to zero pixels between days 90 and 100. Background spectra were obtained from nearby source-free regions, using a 60 × 20 pixel box for the WT data and a 60 pixel radius circle for the PC. We corrected for the fractional loss of the point-spread function caused both by the exclusion of the central (piled-up) region and the positioning of the source over the bad CCD columns (caused by micrometeorite damage on 2005 May 2007; Abbey et al. 2006 ) when calculating the count rate and flux.
Grades 0-2 and 0-12 were chosen for the spectral analysis of the WT and PC data respectively. The FTOOL xrtmkarf was used to generate suitable ancillary response function files, and these were used in conjunction with the relevant response matrices. All spectra were grouped to a minimum of 20 counts per bin in order to facilitate the use of χ 2 statistics in XSPEC, the results of which are shown in Fig. 1 (black crosses) for 8 epochs.
3. CALCULATION OF SYNTHETIC X-RAY SPECTRA Our hydrodynamical models from Paper II predict the physical conditions of the hot shocked gas at any time during the outburst. In practise the model comprises many concentric spherical shells each with a different temperature and density. Since it would be too computationally intensive to calculate the X-ray emission from each shell separately, we grouped them into 30 logarithmically-divided temperature bins from 10 4 to 10 9 K, weighting each shell's contribution by its emission measure (experiment suggested 30 bins were sufficient to give an accurate result). These were then fed as a 30-component plasma into XSPEC (version 12) , an X-ray data reduction and spectrum calculation code. This was used to compute the X-ray spectrum with the MEKAL model for emission from hot, diffuse gas, including line emissions from C, N, O, Ne, Na, Mg, Al, Si, S, Ar, Ca, Fe and Ni, along with freefree, free-bound and two-photon emission (for more details see Vaytet 2009; Mewe et al. 1986 ).
The interstellar equivalent hydrogen absorption column for our models was taken from Hjellming et al. (1986) who found 8 http://swift.gsfc.nasa.gov/docs/software/lheasoft n H = (2.4±0.6)×10 21 cm −2 . We have also included a contribution from the circumstellar absorption due to the RG wind surrounding the hot, shocked gas behind the forward shock. At each epoch we calculate an average value for this circumstellar absorption across the face of the sphere of shocked gas.
Of course, only the unshocked neutral part of the RG wind will contribute to absorption. It is however non-trivial to know the ionisation state of the RG wind at all times, since a large portion of it could be ionised by the radiation emitted during the outburst. This requires not only knowledge of the recombination rates in the RG wind but also knowledge of the luminosity of the central radiation source at all times, which is clearly not constant nor simple to model (see for example Page et al. 2008) . O'Brien, Bode & Kahn (1992) assumed that the whole RG wind was flash-ionised by UV radiation at the very beginning of the outburst, then computed recombination rates inside the RG wind. Here we simply use upper and lower extremes; either the RG wind is fully neutral or fully ionised. We are then confident that the correct absorption has to lie between these limits since they do not depend on any assumptions about the central radiation field.
The final step in the creation of the synthetic spectra was to fold the results through the Swift XRT instrumental response matrix. The response used here was the same as for the observations mentioned above, with the corresponding ancillary file specific to each observation to provide the precise effective area of the detector and correct for bad channels. We used the canonical distance of 1.6 kpc for normalisation.
RESULTS

Initial simulations from Paper II
Model runs 1 to 16 presented in this section are identical to those in Paper II; see Table 1 for a list of parameter values. Run 14 is not included since it represented a continuous fast wind ejection during the entire duration of the simulation, thus rendering parameters such as ejected mass M ej and outburst energy E 0 meaningless. Fig. 1 shows the synthetic spectra for five of these simulations compared with the Swift observations. Results are shown in separate panels for days 3, 5, 11, 18, 29, 50, 75 and 100 after outburst. Each panel includes results assuming the overlying RG wind is either fully neutral (solid line) or fully ionised (dashed line). We first consider the results from run 2 (shown in black), a fairly typical example. At early times (3 − 18 days), before the SSS component from the WD remnant appears at the soft end of the spectrum, the synthetic spectra clearly do not match the observations; the model is overestimating the soft X-ray count rates and underestimating the hard count rates. We do not include the SSS component in our models so for later times (day 29 and after), the Swift data at the soft end of the spectrum has been omitted (energies 1 keV). At these late times, at the hard end of the spectrum the model count rates are very closely matched to the observations, suggesting that the hard count rates have decreased faster in the observations than in the model.
In order to link the synthetic spectra with the hydrodynamics, we recall Fig. 5 in Paper II where we concluded that the deceleration rate of the forward shock was an important aspect of the shock models. We concluded that runs 3 and 11 have forward shock deceleration rates lower and higher than run 2, respectively. Their X-ray spectra are shown in Fig. 1 (orange for run 3 and blue for run 11).
In run 3 (orange), the increased M ej increases the X-ray Figure 1 . Synthetic X-ray spectra for runs 2 (black), 3 (orange), 5 (green), 11 (blue) and 13 (dark pink) at days 3, 5, 11, 18, 29, 50, 75 and 100. The solid and dashed lines represent a fully neutral and fully ionised RG wind, respectively. The black crosses represent the Swift data. The Swift data at low energies for days 29 and after showing the SSS component have been removed since no SSS is included in our models.
count rates, this effect being strongest at the hard end of the spectrum. The hard X-ray count rates decrease more slowly than in run 2, which is due to the higher inertia that the shell carries due to its higher mass. This is best seen at days 18 to 50. Days 75 and 100 should be ignored in this case as by this time the shock has reached the edge of the RG wind; see Fig. 4 in Paper II.
In the case of run 11 (blue), the high fast wind velocity V 2 also increases the X-ray count rates, but this time over the whole energy spectrum, most probably simply due to the higher outburst energy compared to run 2. In run 11 both hard and soft X-ray count rates decrease much faster than in runs 2 and 3, falling to the bottom of the visible plot area by day 75. Note that for run 11 the shock does not reach the edge of the wind on a 100-day timescale. Finally, the impact of absorption in the overlying high-density neutral RG wind in run 11
(solid blue line) is clearly visible on the soft part of the spectrum at early times where the predicted count rates are more consistent with observations. Further, by simply increasing V 2 and leaving M ej untouched as in run 5 ( Fig. 1 ; green lines), we note that the count rates are also greatly increased across the spectrum. Runs 3 and 5 have identical outburst energies and RG wind densities; it is hence not surprising to see that their X-ray spectra are very similar at late times (day 29 and after) apart from the hard count rates being slightly higher in run 3 at day 50. Comparing run 5 with run 11 reveals that increasing V 2 can only be effective in enhancing hard count rates at early times if M ej is not too low.
We conclude that, as one might expect, greater deceleration of the forward shock results in faster reduction in hard X-ray count rates. This is also sensitive to the ejected mass M ej ; a high-mass shell will carry more momentum and therefore decelerate more slowly. A high ejection velocity (V 2 ≥ 5000 km s −1 ) greatly overestimates the soft count rates. Note that the strong Fe XXV K line at 6.7 keV appears wider in the Swift observations than in our models (run 2 for example). We do not include Doppler broadening in our models but it should also be noted that a second Fe XXVI line (6.97 keV) appears very close to the first in some of our models (runs 3, 5 and 13) which would not be resolved by the XRT and would broaden the appearance of the Fe line. Finally, it is clear from runs 2 and 3 that a relatively low-density (even entirely neutral) RG wind appears not to produce sufficient absorption of low-energy X-rays at early times.
In Paper II, run 13 provided the best fit to the forward shock velocities. However the extremely high implied V 2 of 16,300 km s −1 , for which there was little evidence elsewhere, cast some doubt on the validity of the model. The synthetic spectra for run 13 are shown in Fig. 1 (dark pink). These clearly show run 13 does not match the observations of the 2006 outburst of RS Oph. Although the desired large amount of absorption is present at early times, the count rates are overestimated across the spectrum at every epoch.
Fitting synthetic spectra to the Swift data
A fuller exploration of the parameter space of the hydrodynamical model has now been undertaken by carrying out a new extensive set of simulations using the same code as in Paper II. This brings the total number of runs to 88. All the parameters for runs 1 to 88 are listed in Table 1 (run 14 excluded for reasons given above). In Paper II, we concluded that the deceleration rate of the forward shock was directly related to the amount of energy radiated away by the ejecta. This in turn appeared to be related to the ratio of the ejected mass to the mass contained in the RG wind; the lower the ratio, the higher the fraction of energy which was radiated away. In Table. 1 we also list this ratio R = M ej /M RGW for each run.
In order to assess the goodness of fit of each run's synthetic spectra to the Swift data, we extracted fluxes from our models in order to compare them directly to the fluxes observed in some 70 Swift observations between day 3 and day 100. In all cases, the fluxes have been taken in the energy range 1 − 10 keV in order to avoid contamination from the SSS emission. The absolute value of the difference between the model and observed fluxes as a fraction of the observed flux was calculated for each epoch. These were then summed over all epochs and an average was taken, giving the total mean fractional flux difference Φ T . We also define two other quantites Φ E and Φ L which are the early (t < 30 days) and late (30 < t < 100 days) mean fractional flux differences respectively. These values are listed for all runs in Table 1. All the values quoted are for runs with a fully-neutral RG wind. It is evident from the Swift observations that some absorption is present in the spectra, and listing the mean flux differences for the synthetic spectra with an ionised RG wind is therefore unecessary. Moreover, the effect of circumstellar absorption is highest at the soft end of the energy spectrum (see Fig. 1 ) and since we only consider energies in the range 1 − 10 keV, total mean flux differences for ionised and neutral RG winds are in almost all cases very similar.
The total mean flux differences are a useful way of identifying the regions in the parameter space which yield best fitting runs, however it is not an absolute measure of the quality of the fits. For instance run 11 would be classed as one of the best fitting runs according to Φ E (Table 1 ), but the model spectra at days 3 and 5 (see Fig. 1 ) are clearly not good fits to the data as the spectral slope is very different to the observations. The over-estimate in medium energy counts (1.0 − 2.5 keV) compensates for the underestimate at the hard energy end, giving a total flux very close to the observed flux. We exclude any runs with large Φ values. We also examined all the spectra by eye to ensure that we had not excluded runs which had the correct spectral shape but were lying either above or below the Swift data at all epochs. Indeed, such a systematic error could be corrected simply by varying the distance to RS Oph, which has been subject to some debate (Barry et al. 2008) . After this exhaustive analysis, we have come to the following conclusions (ejecta masses are given in 10 −6 M ⊙ ):
• For all runs, in order to reproduce the correct amount of hard X-ray emission, we require V 2 ≥ 6000 km s −1
• If M ej > 1.5 (×10 −6 M ⊙ ), spectra can be a good match at early times (t < 5 days) but are much too bright at later times (e.g. run 33)
• If 0.8 < M ej ≤ 1.5:
-ifṀ 1 is high, the X-ray flux is either too high (run 19) or fades too quickly (run 25)
-ifṀ 1 is low, a high V 2 ≥ 6000 km s −1 forces the fluxes to be too high and the deceleration rate of the forward shock to be too low (run 88)
-ifṀ 1 is high, the X-ray flux is either too low for very low masses (run 48) or fades too quickly (runs 23, 45)
-ifṀ 1 is low, hard X-ray counts are too low for V 2 < 8000 km s −1 (run 73)
-a good fit is found for the hard X-rays at all epochs ifṀ 1 is low and V 2 ≥ 8000 km s −1
• If M ej < 0.2, the hard X-ray flux is too low and the fluxes at all energies fade very rapidly (runs 11, 17) This step by step elimination process leads us to believe that the mass ejected in the outburst M ej is in the range (2 − 8) × 10 −7 M ⊙ . We find our best fitting model to be run 81 (see Fig. 2 ), although even this does show a small overestimate in hard X-rays around day 29. Its main characteristics are its low M ej = 2.7 × 10 −7 M ⊙ and high V 2 = 10 4 km s −1 . The majority of the runs produce too many low energy Xrays. We have investigated whether this might be due to insufficient circumstellar absorption. In order to naturally increase the absorption, we simply increased the slow wind mass-loss rate (see for example the difference in the amount of absorption in runs 2 and 11) but of course this has a significant effect on the shock dynamics. With a denser RG wind, if we wish to produce shock velocities high enough to be consistent with observations, we have to vastly increase V 2 . This leads to an overestimate of the soft and medium energy count rates (see run 13 for example). In order to obtain flat spectra at early times (days 3 and 5, say), we have had to keep V 2 in the range ∼ 5000 − 10000 km s −1 and consequently the mass-loss rate into the RG windṀ 1 also needs to be relatively low. A midrange M ej was then required to obtain the correct hard X-ray decay rate, as in run 81.
An alternative way of addressing the deficit in absorption of soft X-rays is to include some additional ad-hoc absorption during the calculation of the spectrum (shown as bold solid lines in Fig. 2 ). This allows us to produce good agreement between the synthetic spectra and the Swift observations. The resulting total absorption column (including the ISM, the CSM from the RG wind and the ad-hoc additional absorption) is within the same order of magnitude as the absorption column required by the fits to the Swift data in Paper I. Such additional absorption could be due to the presence of a dense gas torus close to the binary core, as suggested by the IR observations of Evans et al. (2007) .
Of course, we have to acknowledge that such a dense torus would have an effect on the dynamics of the shocks propagating through the CSM but this is a problem that can only be addressed in 2D or 3D simulations. Furthermore, such a dense torus will play a role in the bipolarity seen in the radio (O'Brien et al. 2006; Sokoloski et al. 2008; Rupen et al. 2008 ) and optical imaging Ribeiro et al. 2009 ). Indeed, Walder et al. (2008) have shown in full 3D hydrodynamical simulations that the orbiting accreting WD leaves a spiral wake in the RG wind along with a slight equatorial density enhancement, and that the high-density accretion disk around the WD has a substantial size (3 × 10 12 cm in diameter). They illustrate the ejecta collimation efficiency of these features during the nova outburst. Orlando et al. (2009) have also computed the X-ray emission from 3D simulations of the outburst in a wind with an equatorial density enhancement but unfortunately do not show the absorption effect of the presence of such an enhancement on the resulting synthetic spectra. Figure 3 shows the run 81 forward shock position in milliarcseconds (mas) assuming a distance of 1.6 kpc as a function of time (black solid line), compared to the size measurements of three separate features in resolved radio-interferometry images. The radio images of O'Brien et al. (2008), Rupen et al. (2008) and Sokoloski et al. (2008) have indeed revealed three main synchrotron emitting features (most probably associated with shocks) in the remnant of RS Oph: a central expanding ring, an eastern lobe further away from the central binary system and an additional western counterpart. The positions of the lobes and the size of the expanding ring measured in the radio observations are represented by the various points (see legend for details).
Shock position, velocities and flux comparisons
It seems natural to compare the position of our spherically symmetric shock to the size of the expanding ring. We first note that the position of the run 81 forward shock is higher than the early ring size measurements (t < 30 days) by a factor of about two. At later times (30 < t < 50 days), it is very consistent with the ring size measurements of Sokoloski et al. (2008) , before it breaks out of the RG wind (kink circa day 44). Between days 20 and 45, the model shock position is also close to the position of the western lobe measured by O'Brien et al. (2008) . It is however never close to the measured positions of the eastern lobe until the shock breakout. We conclude that our model shock positions are consistent with a distance of 1.6 kpc and that over-estimates at early times arise from the fact that we are trying to reproduce the Xray emission of a system with multiple ejection features moving at different speeds with a spherically symmetric model. The model shock positions sensibly lie between the ring sizes and the eastern lobe positions, as a compromise between the two. Figure 4a shows the forward shock velocities (solid line) measured directly from the hydrodynamical simulation of run 81. These are compared to the shock velocities estimated in Paper I from single-temperature fits to the Swift spectra (empty squares with error bars) and to the IR velocities from Das, Banerjee & Ashok (2006) were taken from the full width zero intensity (FWZI) of the OI and Paβ emission lines. The velocities from the RXTE X-ray data of Sokoloski et al. (2006) are also shown (crosses). Figure 4b shows the total 1 − 10 keV X-ray fluxes from the Swift observations (empty squares) compared to the fluxes calculated from run 81 (solid line; including the additional ad-hoc absorption). The model fluxes are consistent with the observed fluxes. The early turnover after an initial rise around day 6 occurs at the same time in both model and observations. There is also a clear break in the model curve just after day 40 which appears to fit the data; this corresponds to the time when the model forward shock breaks out of the RG wind. This occurs at the same time as the dramatic increase in the model velocities. (2008) and Sokoloski et al. (2008) . The error bars have been omitted for clarity; on the VLBI and VLBA measurements they are ∼ 1 mas, on the MERLIN data they are ∼ 10 mas.
While the X-ray fluxes are well reproduced, the model velocities do not agree with the Paper I velocities derived from the X-ray observations. The model velocities are much higher, the early turn-over occurs about 4 − 5 days later and the deceleration rate is slower. There is however reasonable agreement between the velocities obtained in Paper I and those by Sokoloski et al. (2006) from RXTE observations. It has been pointed out by Tatischeff & Hernanz (2008) and references therein that equation (3) in Paper I for strong shock dynamics can underestimate shock velocities where non-linear diffusive shock acceleration of particles is efficient, which is most probably the case for RS Oph. We also note that the immediately post-shock gas is the hottest and would provide the best estimate of the shock velocity. However, the observed spectrum is made up from contributions from a wide range of gas temperatures, emission from the shocked ejecta and even perhaps the WD remnant. These will lead to a softening of the spectrum and so velocities computed from single-temperature fits will be biased towards lower temperatures and hence lower derived shock velocities.
The IR velocities shown in Fig. 4a are in better agreement with the model forward shock velocities. However it should be emphasised that the different methods are likely to be biased towards emission from different parts of the expanding remnant. This spans a wide range of velocities, including the unshocked and shocked fast wind from the WD, and the shocked (and unshocked) RG wind. We also show in Fig. 4a the gas velocity just after the reverse shock (blue solid line), which is in very good agreement with the IR velocities at early times. Taking the FWZI of the IR lines probes only the fastest moving material in the system, which suggests that the IR line widths are first dominated by the post reverse shock gas and only later by the post forward shock gas.
As previously discussed, in this spherically symmetric model the shock wave breaks out of the RG wind just after day 40, leading to a dramatic increase in model forward shock velocities. By contrast, around the same time (just after day 30), a decrease in the IR OI velocities is observed. However, our models show that the accelerating breakout material is at very low density and also very hot so it will most probably not be visible in the IR. After shock breakout, the IR emission comes from other regions of the shell where the velocity is much lower, thus explaining the strong decrease in IR velocities.
In order to investigate the differences between the directly measured shock velocities in our simulations and the velocities estimated from the Swift X-ray spectra, we fitted twotemperature MEKAL models to our synthetic spectra for run 81. Single-temperature fits were initially attempted but were badly constrained at the high energy end and inconsistent with the synthetic spectra. We then estimated forward shock velocities using the higher of the two temperatures and these are also plotted in Fig. 4a (green solid line) . These new velocities are in very good agreement with the with the velocities derived by Paper I from Swift observations at early times (t < 5 days) and are much lower than the shock velocities found in the hydrodynamic simulation. They then evolve in a similar way to the hydrodynamic velocities until around day 20, when they start to decrease more slowly than the simulation and the velocities derived from Swift observations. Note that the hard X-ray count rates in our synthetic model between days 18 and 50 are slightly greater than the Swift count rates (see Fig. 2) ; this yields higher temperatures in the fits and consequently higher velocities. This explains why the slope of the velocity curve derived from our new spectral fits is lower than the slope observed in the Swift data during that period. At the shock break-out, the computed velocities from the synthetic spectral fits show a sharp decrease, much like the IR velocities, in contrast to the hydrodynamic velocities which increase dramatically, which can be explained in the same way as for the IR velocities (see above). Figure 5a shows the emission measure as a function of radius inside the expanding remnant for run 81 at day 3 after outburst. As mentioned in section 3, to calculate our synthetic X-ray spectra we have run through the radial cells of our grid binning the emission measures into 30 temperature bins evenly (logarithmically) spaced between 10 4 − 10 9 K. The greyscale in Fig. 5a represents the percentage of the total emission measure contained within each temperature bin. The lower panels show temperature (b), density (c) and velocity (d) of the gas. The forward and reverse shocks are clearly visible at 6.22 × 10 13 cm and 4.83 × 10 13 cm, respectively. The contact discontinuity between the shocked ejecta and shocked RG wind (high density, well cooled and therefore low temperature) is located at 5.8 × 10 13 cm.
The major contribution to the total emission measure is from the region around the contact discontinuity, while the broader forward shocked region with temperatures of ∼ 10 8 K (spanning radii from 5.9 − 6.2 × 10 13 cm) contributes only a few percent. Orlando et al. (2009) also find in their 3D simulations that most of the X-ray emission originates from a small dense region behind the forward shock. This implies that the total X-ray emission is dominated by material at lower temperatures (around the contact discontinuity) and that the contribution from the hotter forward shocked gas is small. However, the shocked gas might still contribute strongly to the high energy X-rays.
The dot-dash line in the top left panel of Fig. 2 shows the X-ray spectrum emitted by the gas located between the contact discontinuity and the forward shock (we shall call this the post-forward shock gas) with no circumstellar absorption included; the contribution to the total X-ray spectrum is small at low energies but is of the order of 50% for energies above 5 keV. Such a contribution is non-negligible and should have a large impact on the temperature fits to the data. However, the temperature of the emitting gas determines the shape of an X-ray spectrum while the emission measure and distance to the source govern the normalisation of the spectrum.
The post-forward shock gas spectrum is much flatter than the total X-ray spectrum (solid line); by fitting a single temperature MEKAL model to the post-shock gas spectrum at day 3 we obtain k B T = 13.5 keV, translating as a shock velocity of 3400 km s −1 which is entirely consistent with the real shock velocity measured in the simulation (black dots in Fig. 4a ). This flat post-forward shock spectrum gets drowned by the bright but cooler emission from the rest of the shell which changes the shape of the X-ray spectrum and therefore changes the fit temperature.
Fitting temperatures to the total observed spectra in order to estimate post-shock temperatures and therefore shock velocities is thus unreliable. It also suggests that cosmic ray acceleration at the shock may not be required to explain the discrepancies between velocities derived from observed IR line widths and those derived from X-ray temperature fits (even though such acceleration might still take place).
Finally, the velocity plot in Fig. 5d shows that the material moving at the fast ejection speed of 10 4 km s −1 contributes nothing to the X-ray emission and will thus not be observed, while the post reverse shock gas does emit a small amount and its velocities are similar to the ones measured by the IR line widths (as shown in Fig. 4a ).
The RXTE dataset
It has to be noted that even though this study primarily addresses the Swift X-ray data, one cannot ignore the higher energy X-ray data obtained with the RXTE observatory (Sokoloski et al. 2006 ). There are indeed some differences between the two datasets, taken during the same epoch of the remnant's evolution. The break in the Swift data around day 7-8 which we interpreted as the end of our fast wind phase (Paper II) is absent from the RXTE data. Instead, a nearly perfect Sedov-Taylor shock deceleration is observed between days 3 and 10 (see Fig. 2b in Sokoloski et al. 2006 ; note that once again these velocities were computed from single temperature fits to X-ray spectra). The discrepancy between the data is not fully understood. The RXTE probes a higher energy range (3 − 20 keV) than the XRT onboard Swift (0.3 − 10 keV) which would imply that it is sensitive to only the hottest plasma and would therefore give a better estimate of the postshock temperatures and hence the shock velocities. However, the observed velocities are lower than the velocities derived from Swift observations (Paper I) which is inconsistent with our previous analysis showing that the single temperature fits to the Swift data underestimate the postshock temperatures in the system.
Another important difference between the datasets is that while an increase in total integrated flux is reported for the Swift data between days 3 and 5, a decrease is observed by the RXTE. This can be explained by the fact that a large portion of the energy radiated at day 3 is in the high energy range (thus not well detected by Swift) and then as the blastwave cools adiabatically the radiation moves to lower energies resulting at day 5 in an increase of 5 − 10 keV photon counts for Swift and a decrease of 7 − 20 keV photon counts for RXTE. In addition, as the forward shock progresses outward clearing the RG wind, the amount of circumstellar absorption reduces which also contributes to an increase of soft X-ray flux. An increase of 3 − 5 keV photon counts is observed in the RXTE data which confirms this statement. However, if one compares the same energy band in the two datasets between days 3 and 5, one can see that the X-ray counts between 5 − 10 keV increases in the Swift data while it decreases in the RXTE data. Inconsistent datasets will inevitably be difficult to fit with a single model.
The reason why a Sedov-Taylor model fits the early RXTE data and not the Swift is unclear. A general Sedov-Taylor blastwave is produced by an instantaneous release of energy at a point inside an ambient medium with a power-law density profile. No mass is ejected, there is no reverse shock, and the expanding shell is made up only from the ambient gas swept up by the shock. In our model, we have adopted a more physically realistic scenario likely to be applicable to the case of RS Oph where some mass has been ejected in the outburst. Here, the outburst energy is delivered via the kinetic energy of a wind which then interacts with a circumstellar medium with a density described by an inverse-square law as produced by a stellar wind. We have experimented with varying the amounts of outburst energy in kinetic energy or in thermal energy. For example, we have run a simulation using the parameters from run 2 (same M ej and E 0 ) but with half of the outburst energy in thermal form and half in kinetic form. The results are quite different at early times, while remaining very similar at later times (t > 30 days). At early times, the blastwave expands much faster (due to the instantaneous release of half the outburst energy), the X-ray spectra are much flatter (yielding higher X-ray temperatures) and the velocities are much more Sedov-like. As opposed to the initial run 2, there is a decrease of X-ray flux between days 3 and 5 when folded through both the Swift instrument response and the RXTE response. This is more in line with the RXTE observations but no longer in agreement with the Swift data. A more extreme example injecting 100% of the outburst energy in thermal form (as in the models of O'Brien et al. 1992 ) also shows a decrease in 5 − 10 keV photon counts when folded through the Swift response. We have not been able to obtain results which are consistent with both the Swift and RXTE observations.
CONCLUSIONS
We have taken the results from our hydrodynamical models described in Paper II and calculated synthetic X-ray spectra using the XSPEC. The results from runs 1 to 16 of Paper II were first compared to the Swift spectra. It was found that the rate of decrease of the hard X-ray counts was related to the rate of decrease of the forward shock velocities, and a best fitting model would need a relatively low ejecta mass. However, runs with very high ejection velocities V 2 overestimated the X-ray counts across the spectrum at all times. Run 13 which was thought to be the best fit (based on the forward shock velocities) in Paper II was thus excluded.
A wider exploration of the 1D model parameter space was undertaken to find a model which best fit the observed spectra. A total of 88 runs were carried out, and fluxes were extracted for each day between day 1 and day 100 after outburst for each run. These model fluxes were compared to the fluxes from 70 Swift observational epochs during the same period, being careful to exclude SSS emission as appropriate. Large differences between the observed and theoretical fluxes allowed us to exclude many runs, and the spectra of the few remaining runs with good matching fluxes were examined in order to find a best-fitting model. We are now confi-dent that the mass ejected in the RS Oph outburst is relatively low, around (2 − 5) × 10 −7 M ⊙ , and that the shock velocities are higher than suggested by X-ray single temperature fits. It was however never possible to simultaneously obtain a sufficiently high level of hard X-ray emission, a flat midenergy spectrum and an appropriately low level of emission at low energies without including some additional ad-hoc absorption, thus making the derived densities in the RG wind uncertain.
The fast wind velocity of the best-fitting model (10000 km s −1 ) is considered unusually high for a nova outburst, but radio observations of O'Brien et al. (2006) and Sokoloski et al. (2008) show evidence for bipolar lobes moving at speeds of the order of 5000 km s −1 at early times (t < 50 days). Chandra observations of Luna et al. (2009) also report a jet moving at speeds greater than 6000 km s −1 . Similarly, Ribeiro et al. (2009) deduce high ejection velocities of ∼ 5100 km s −1 from HST imaging and ground-based optical spectra, albeit the latter two studies are based on observations taken much later (538 and 155 days after outburst, respectively) than the timescales addressed in this paper. Furthermore, the fast ejection velocity may not be easily directly observed as the ejecta are decelerated when they run into the circumstellar medium.
Another important conclusion we can draw from this study is that in the Swift/XRT energy band, the emission from the post-shock material is negligible compared to that of the regions around the high-density contact discontinuity, and that fitting emission models with single temperatures (even when several components with different temperatures are included) to X-ray spectra greatly underestimates immediate post-shock temperatures and hence forward shock velocities. We also showed that velocity estimates from line widths (for example the IR line widths in the case of RS Oph) also underestimate the forward shock velocities.
Some inconsistencies are however present between the Swift and RXTE X-ray datasets, in particular in the forward shock velocities between days 3 and 10. While the spectra of our best fitting model agree well with the Swift observations, they do not fit the RXTE data. This does not affect our results for the subsequent evolution of the remnant (in particular the ejected mass) since RS Oph was very faint in the RXTE energy range after day 10, as opposed to Swift. It just means that the manner in which the mass and energy are ejected during the outburst might be different (for example, the proportions of outburst energy in the form of kinetic and thermal energy may be different).
It has proved difficult to find a set of parameter values for this spherically symmetric model which matches the observed X-ray spectra for all epochs during the first 100 days of the remnant's evolution. However, radio and optical observations have shown that the remnant of RS Oph has a bipolar morphology. Our suggestion that the additional absorption required to fit the low-energy X-ray spectra might be present in the form of a torus would also fit with an evolving bipolar morphology. Preliminary work on 2D codes with a bipolar ejection is underway, using an equatorial density enhancement in the RG wind. Initial results have shown that is it possible to obtain fast moving material in the polar direction yielding hard X-rays and a high absorption column along the equator at the same time, better resembling the observed Xray spectra of RS Oph (Vaytet 2009 ). A bipolar model might also be able to fit the RXTE observations better if the remnant exhibits more of a Sedov-Taylor blastwave behaviour along one direction. Much work however remains, due to the increasingly large parameter space worthy of exploration.
